First-stage mercury oxidation reactions typical of coal combustion flue gases were investigated. The present study is a determination of the kinetic and thermodynamic parameters of the bimolecular reactions, Hg + Cl 2 T HgCl + Cl, Hg + HCl T HgCl + H, and Hg + HOCl T HgCl + OH, at the B3LYP/RCEP60 VDZ level of theory over a temperature range of 298.15 to 2000 K at atmospheric pressure. Conventional transition state theory was used to predict the forward and reverse rate constants for each reaction and ab initio based equilibrium constant expressions were calculated as a function of temperature. Reasonable agreement was achieved between the calculated equilibrium constants and the available experimental values.
Introduction
Coal as the most abundant fossil fuel on the planet is sufficient to meet current energy demand for nearly 200 years with approximately 900 billion metric tons available. 1 To meet the growing world energy demand, which is driven primarily by developing countries such as China and India, dependence on fossil fuels will remain prominent likely into the first half of the 21st century. Coal-based power plants currently generate approximately 50% of the electricity for the United States. 2 A typical 500 MW power station will consume 6000 tons per day of coal. 3 Currently the U.S. has the equivalent of >500 fullscale (500 MW) coal-fired power plants with an average age of 35 years. 4 Coal-fired power plants are the greatest anthropogenic source of mercury emissions in the United States. Power generation is responsible for 37% of the mercury released into the environment from human activity, with about 48 tons per year released in the United States. 5 Attempts have been made to model homogeneous mercury oxidation in the flue gas environment through reaction channels involving chlorine explicitly. [6] [7] [8] Experimentally and theoretically derived rate data available in the literature for modeling mercury-chlorine reactions at combustion conditions are limited.
Applications of previous kinetic investigations on halogenoxidized mercury species have primarily dealt with the cycling of mercury within the atmosphere. Although the previous studies are very thorough, they do not give an indication of mercury oxidation behavior at the high-temperature conditions of coal combustion. In particular there have been five experimental [9] [10] [11] [12] [13] and four theoretical [14] [15] [16] [17] accounts of mercury oxidation via chlorine species. These studies focus primarily on the oxidation of mercury via chlorine radicals, which is the primary mechanism for mercury oxidation via chlorine species under atmospheric conditions. The lack of agreement among the experimental kinetic investigations highlights the difficulty associated with measuring the highly reactive oxidized mercury species. Details of these previous investigations will not be included here, but Donohoue et al. have given a nice review of several of these in a recent publication. 10 The investigation of Donohoue et al. may provide the most accurate rate prediction of the association of mercury with chlorine atom since they are the first group to systematically vary the temperature, pressure, and buffer gases and found that the observed behavior was consistent with the behavior expected for a three-body recombination. Understanding the first stage of mercury oxidation via chlorine species is the first step in understanding its complete speciation. Unique from the lower temperatures of the marine boundary layer, the coal combustion-generated flue gas spans a broad temperature range, from the high temperature of the boiler region to the low outlet temperature of the stack. Within this quench zone mercury oxidation requires a complex series of homogeneous and heterogeneous interactions. The heterogeneous chemistry is driven by a combination of systems that is unique to a given utility boiler, e.g., unburned carbon, fly ash, and catalytic surfaces of selectively catalytic reducing systems and sulfur dioxide scrubbing systems. It is commonly thought that the homogeneous chemistry is primarily chlorine-driven. Quantifying the extent of homogeneous oxidation will allow for global combustion models to more accurately predict the extent of heterogeneous oxidation, which will allow utility boilers to determine how to retrofit their existing systems to ultimately maximize their mercury capture. The current study is the first attempt to determine the kinetics of the first-stage mercury oxidation via HCl, Cl 2 , or HOCl. Although the role of these species may be minimal for mercury oxidation under atmospheric conditions, their role is critical in understanding mercury's speciation in the quench zone of flue gases. Understanding the kinetic and thermodynamic behavior of mercury from the high to low temperature regime will allow for increased model accuracy in predicting mercury's complicated speciation, which in turn will facilitate the design and application of more effective mercury control devices.
In an attempt to provide current models with a more complete kinetic data set, rate expressions for the following reactions predicted through ab initio molecular orbital calculations are discussed within this work: † Phone: 650-724-9449. E-mail: wilcoxj@stanford.edu.
Hg + HCl 7 98
To develop a more complete understanding of the overall speciation it is thus necessary to determine the importance of these compounds. To accomplish this, computational chemistry techniques are employed to determine the kinetic parameters of the elementary reactions taking place within the combustion flue gas environment.
Since these reactions are both single displacement reactions, transition state theory (TST) was used to determine the kinetic parameters of forward and reverse reactions for a temperature range of 298.15-2000 K at atmospheric pressure.
Computational Methodology. Calculations were carried out with the Gaussian03 suite of programs. 18 Basis sets incorporating relativistic effects for the inner electrons were employed through the use of small core relativistic effective core potentials (ECP) for these electrons. The basis set used in the potential energy surface investigations for mercury employs a relativistic compact effective potential, RCEP60 VDZ of the Stevens et al. group, 19 which replaces 60 of mercury's atomic core electrons, derived from numerical Dirac-Fock wave functions by using an optimizing process based upon the energy-overlap functional. Energy-optimized (8s8p5d)/[4s4p3d] Gaussian-type double-ς quality sp and triple-ς quality d functions were used for mercury, with the triple-ς quality d functions essential for describing the orbital shape changes that exist with d occupancy. An extended triple-ς quality Pople basis set, 6-311++G(3pd,3df), including both diffuse and polarization functions was used for oxygen, chlorine, and hydrogen atoms.
Justification for Method and Basis Set Selection. Before the kinetic and equilibrium parameters could be calculated, it was necessary to determine which level of theory would be the most accurate for the mercury compounds. From Table 1 it can be seen that the B3LYP/RCEP60 VDZ level of theory predicts bond distances, vibrational frequencies, and thermochemical data of the reaction species quite well, deviating minimally from experimental data available in the literature. The theoretical predictions of the current work were compared to experimental [20] [21] [22] [23] and high-level theoretical 15, 16, 18 calculations available in the literature.
There have been many experimental and theoretical calculations performed on the determination of the HgCl and HgCl 2 equilibrium bond distances. Experimental measurements [22] [23] [24] [25] of the HgCl bond distance range from 2.36 to 2.50 Å. Using the density functional method B3LYP with the relativistic effective core potential RCEP60 VDZ predicts a distance of 2.4896 Å, which falls within the experimental measurements. Khalizov et al. 15 reported a similar value, i.e., 2.398 Å, at the higher correlated level, QCISD, employing a similar basis set as the current study. The experimental bond distances [24] [25] [26] for HgCl 2 range from 2.25 to 2.44 Å. Using the B3LYP/RCEP60 VDZ level of theory predicts a distance of 2.3198 Å, which is well within the range of experiment. Balabanov and Peterson 16 carried out calculations using the high-level correlated CCSD(T) method along with an extensive basis set, which allowed the energy to be extrapolated to the CBS limit. The energy extrapolation to the CBS limit results in a shortening of the bond distance yielding a prediction of 2.2483 Å.
The predicted vibrational frequencies of the ground states of HgCl and HgCl 2 have also been compared to experimental and high-level theoretical predictions available in the literature. There have been two reports of experimental vibrational frequencies for HgCl in the literature, i.e., 292.6 27 and 298.97 28 cm -1 . At the B3LYP/RCEP60 VDZ level of theory, the predicted vibrational frequency is 244.40 cm -1 , within 50 wavenumbers of the experimental data. This same level of theory predicted the HgCl 2 vibrational frequencies with higher accuracy. The Hg + Cl 2 7 98
Hg + HOCl 7 98
HgCl + OH (3) , with the B3LYP/RCEP60 VDZ level of theory prediction deviating minimally at 374 cm -1 .
In addition to the geometry and spectroscopic predictions, the thermochemistry of reactions 1 through 3 has also been examined and compared to experiment where available. Of reactions 1 through 3, only the enthalpy of reaction 2 has been reported in the literature. The experimental value has been reported as 32.89 ( 2.29 kcal/mol at 298.15 K. 33 The B3LYP/ RCEP60 VDZ level of theory predicts a value of 31.797 kcal/ mol, which lies well within the experimental range. Balabanov and Peterson, 16 using high-level ab initio calculations, report an enthalpy of reaction at the same conditions of 35.1 kcal/ mol. They performed their calculations at the CCSD(T) level of theory, including zero-point energy, core-valence correlation, pseudopotential corrections, scalar relativity, and spin-orbit coupling contributions with CBS-extrapolated basis sets in their computational methodology. The current work includes only the zero-point contribution to total energies, and neglects these additional corrections. 15 The ultimate goal of the current work is to generate rate expressions for inclusion into combustion models to accurately predict the speciation of mercury through a simulated quenching flue gas. To the author's knowledge, reaction enthalpies for reactions 1 and 3 have not been reported in the literature, but were calculated from reported formation enthalpies 29 of the individual reactant and product species. At the B3LYP/RCEP60 VDZ level of theory the predicted reaction enthalpy for reaction 1 was 79.009 kcal/mol compared to an experimental value of 78.243 kcal/mol and for reaction 3, the prediction was 29.649 kcal/mol compared to an experimental value of 31.209 kcal/mol. In total, a balance of computational cost and accuracy was achieved at the B3LYP/RCEP60 VDZ level of theory for reactions 1 through 3 and from the theory validation, extensive potential energy surfaces have been generated and corresponding rate expressions determined.
Theoretical Kinetic Methodology. Kinetic and equilibrium parameters were evaluated over a temperature range spanning 298.15-2000 K. In determining the rate constant for each reaction, the transition state theory 34 eq 4 was modified with the tunneling correction factor of Wigner 35 (eq 5) (where ν represents the single imaginary frequency value of the transition structure), so that the final rate constant value is given by eq 6. When the reaction coordinate is dominated by the motion of a hydrogen atom, correction for tunneling is crucial. For reactions 1 through 3, the reaction coordinate is dominated by the bond forming between a chlorine and mercury atom. For this reason, the simplest, Wigner correction is used to account for tunneling.
In eqs 4, 5, and 6, k b is Boltzmann's constant, h is Plank's constant, T is temperature, E a is the activation barrier, R is the ideal gas constant, and Q TS , Q 1 , and Q 2 are the total partition functions of the transition structure and reaction species 1 and 2, respectively.
Additionally, the equilibrium constants for each reaction were calculated from eqs 7 and 8. By determining the thermodynamic parameters of reaction enthalpy and entropy, the equilibrium curve as predicted both theoretically and experimentally could be compared, where all data existed.
Results and Discussion
Potential energy surfaces were generated for reactions 1 through 3 and are shown in Figures 13, respectively. Each surface was generated with approximately 150 single-point energy calculations at the B3LYP/RCEP60 VDZ level of theory. Zero-point-inclusive thermochemical corrections to energy were not included in each single-point energy calculation, but were added to the subsequent transition state, reactant, and product energies for the activation barrier predictions. Density functional theory (DFT) was chosen due to its speed and relative accuracy in geometry, vibrational frequency, and thermochemical predictions compared to experiment, as highlighted in Table 1 . One discrepancy that deserves attention is the difference between the predicted and experimental vibrational frequency of the HgCl radical. DFT underpredicts the experimental value by 48 cm -1 . A sensitivity analysis was performed on the rate constant calculations and it was found that this difference in HgCl vibration changes the rate constant by less than 2%. Also, DFT has shown to exhibit minimal spin contamination with unrestricted DFT. 36 Unrestricted DFT was employed for all openshell systems, which include the activated complexes for each
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∆G rxn ) ∆H rxn -T∆S rxn (8) Figure 2 . Hg + Cl 2 T HgCl + Cl: linear transition structure (B3LYP/ RCEP60 VDZ).
of the three reactions examined. The calculated square of total spin is quite close to its eigenvalues s (s + 1), indicating that the spin contamination is minor. For each of the open-shell species, OH, HgCl, and Cl, the deviation from 〈S 2 〉 is 0.0026, 0.0048, and 0.0031, respectively. For H and each of the three activated transition complexes, the deviation is zero.
The electronic transition from the s 2 ground state to the first excited state, s 1 p 1 , was calculated as 5.11 eV at the B3LYP/ RCEP60 VDZ level of theory. The available thermal energy at the maximum conditions considered, i.e., 2000 K, is 0.172 eV, which is clearly not sufficient to produce this first excited state. Therefore, the s 2 ground state of Hg 0 was considered in all the calculations.
Forward rate expressions are depicted graphically in Figure  4 . The natural log of the rate constant as a function of inverse temperature is graphed along with error bars for each kinetic prediction. The error bars were calculated by using a deviation of the model activation energy from the calculated activation barrier at each temperature, from 298.15 to 2000 K. The details of each oxidation channel are discussed individually.
A. Mercury Oxidation via HCl. A potential energy surface for reaction 1 is shown in Figure 1 . A linear transition structure was assumed for the triatomic activated complex, H-Cl-Hg. An H-Cl distance of 2.70 Å and a Cl-Hg distance of 2.55 Å were found to possess the one imaginary frequency indicative of a transition structure with the relevant parameters of the structure given in Table 2 . Having identified the transition structure for this reaction, the kinetic rate parameters were then investigated by using traditional transition state theory. The natural log of the forward rate constant (cm 3 /(mol · s)) as a function of the inverse of temperature (K) is plotted in Figure   Figure 3 . Hg + HOCl T HgCl + OH: linear transition structure (B3LYP/ RCEP60 VDZ). The activation energies used in the rate constant equations were compared to the exact values at each temperature and it was found that the forward reaction activation energy of 93.3 kcal/mol deviated by no more than approximately 3 kcal/mol while the reverse reaction value of 13.8 kcal/mol deviated at most by 2.5 kcal/mol. The highest deviations were found at the lower temperatures examined, suggesting that the deviation from the developed model will increase as temperature decreases.
B. Mercury Oxidation via Cl 2 . The same basic procedure was followed in the determination of the kinetic parameters of reaction 2 with the potential energy surface plotted in Figure 2 . The saddle point is clearly illustrated and the approximate coordinates (2.55 Å, 3.45 Å) proved to be a true transition structure with a single imaginary frequency, as before the parameters of which are shown in Table 2 . The natural log of the forward rate constant (cm 3 /(mol · s)) as a function of the inverse of temperature (K) is plotted in Figure 4 . Evaluating the trendlines associated with each method shows that, over the given temperature range, the Arrhenius expressions are A comparison of the TST activation energies to exact values calculated at each temperature shows that the forward reaction value of 43.3 kcal/mol deviated by at most 1.7 kcal/mol while the reverse reaction value of 11.8 kcal/mol deviated by at most 1.9 kcal/mol, both reaching the maximum deviation at 298.15 K.
C. Mercury Oxidation via HOCl. The potential energy surface (PES) allows for a possible four degrees of freedom. To generate a 3-D plot, it was assumed based upon the gasphase distances of OH and O-H within HOCl that the O-H distance changes minimally throughout the reaction and that the reaction proceeds at an angle of 102.5°, which is the gasphase bond angle of the HOCl molecule. The experimental bond distance for the gas-phase OH molecule is 0.96966 Å and that for the O-H distance in the HOCl molecule 0.975 Å. 37 The two variables examined were the bond distances for the Hg-Cl and Cl-OH bonds. The potential energy surface is shown in Figure 3 in which the point on the graph shows a saddle point, indicative of the correct parameters of a transition structure, at approximately (2.50 Å, 2.51 Å). The harmonic frequency for the internal rotation of hydrogen in the transition structure for this reaction was found to be relatively high, i.e., 569.90 cm -1 . As the Hg-Cl bond is forming along the reaction coordinate, the Cl-O bond is breaking and the H atom is rotating freely out of the plane. Due to the high nature of this vibrational mode, it was assumed that the treatment of this mode as a free rotor was not necessary and would not likely change the overall rate expression dramatically. Therefore all of the internal vibrational modes of the transition structure complex were treated as decoupled harmonic oscillators.
The kinetic parameters for the reaction were determined by using transition state theory and are available in Table 2 . The natural log of the forward rate constant (cm 3 /(mol · s)) as a function of the inverse of temperature (K) is plotted in Figure  4 . Evaluating the trendlines associated with each method shows that, over the given temperature range, the Arrhenius expressions are
Comparison of the TST activation energies to exact values calculated at each temperature shows that the forward reaction value of 36.6 kcal/mol deviated by at most 1.8 kcal/mol while the reverse reaction value of 6.2 kcal/mol deviated by at most 2 kcal/mol, both reaching the maximum deviation at 2000 K.
D. Data Comparison.
A comparison of rate constants generated at the B3LYP/RCEP60 VDZ level of theory is provided in Figure 4 . Over the entire temperature range of 298.15 to 2000 K, in general, oxidation involving HOCl is faster than that of Cl 2 , which is faster than that of HCl. However, oxidation via HOCl and Cl 2 rival one another at high temperatures. The rate expressions for two additional reactions were plotted in Figure 4 , i.e., HgCl + M T Hg + Cl + M 38 and Cl 2 + M T 2Cl + M. 39, 40 Within each of these unimolecular reactions, M is the collision partner or gas bath, which does not participate chemically in the reactions, but is taken into account within the pressure-dependent kinetic predictions using RRKM theory. The depletion of HgCl as temperature decreases is faster than the three HgCl formation reactions, while Due to the higher concentration of chlorine present in the flue gases compared to elemental mercury, the generation of chlorine radicals and the presence of Cl 2 should be expected throughout the quenching zone. This would imply that the oxidation reactions involving Cl and Cl 2 should be dominant over others and that oxidation involving HOCl will occur provided its concentration is available in sufficient quantity. However, it is important to note that this investigation is limited in that it is a comparison of a select group of mercury reactions. To accurately predict the complete pathway associated with homogeneous mercury oxidation, all of the reaction pathways will have to be compared, including those involving chlorine radicals, Cl 2 , HCl, HOCl, in addition to submechanisms of chlorine and oxygen which will also influence mercury oxidation either directly or indirectly. Additionally, the thermodynamic properties for each reaction were calculated from theory and compared to available experimental data 29 over a temperature range of 298.15 to 2000 K as seen in Tables 3-5 and graphically in Figure 5 . The ab initio based thermochemical predictions are validated for reactions 1 and 2 as they agree with experiment quite well. Of the three reactions examined, the products of reaction 3 are the most thermodynamically favored over the temperature range. As temperature decreases, the equilibrium constant decreases for each reaction, which implies that the forward direction of each reaction is thermodynamically limited as temperature is decreased. Also, at lower temperatures, the oxidation of Hg via HCl is less likely than the other reaction channels.
Conclusions
This investigation provides additional thermochemical and kinetic insight into the first stage of mercury oxidation for coal combustion applications. Flue gas quenching is a crucial parameter for influencing mercury's speciation and its subsequent capture. Using density functional theory with a relativistic effective core potential for mercury with minimal energy corrections provided insight into the relative importance of the varying first-stage oxidation pathways of mercury. Both kinetic and thermodynamic predications indicate that of the three oxidizing species, Cl 2 and HOCl are more likely to play a major role in mercury's oxidation over HCl, but that atomic chlorine is likely involved in the dominant oxidation pathway. Future work will investigate a complete mechanism that will investigate the role of chlorine and oxygen submechanisms, which will help to elucidate the true potential of homogeneous mercury oxidation. 
